This paper concentrates on the laser-induced delamination technique, aimed at measuring the practical work of adhesion of thin polymer coatings on metal substrates. In this technique an infrared laser-pulsed beam is used to create an initial blister. Upon increasing the pulse intensity, the size of the blister grows, resulting in partial delamination of the film. In this work the blister profiles and the blister pressure were obtained from independent measurements. Alongside experiments, a simple model is developed to provide the equations necessary for calculating the blister strain energy, height, and the gas pressure inside the blister. The model is essentially based on an elastic behavior of the polymer film. The blister height and the blister pressure predicted by the model were confronted with the experimental observations and a fair agreement was found. The adhesion properties of the polyethylene terephthalate films on a steel substrate were characterized in terms of the maximum stress required for delamination and the practical work of adhesion. The relation between the two are discussed. Because the blister formation and subsequent delamination take place on a time scale of microseconds, it is argued that the viscous properties of the film do not manifest on this time scale and the contribution of plastic deformation of the film is rather small.
I. INTRODUCTION
Characterization of adhesion of polymer coatings to metal substrates is of great importance in many modern industrial applications. Often, already laminated metal sheets at different steps of processing are subjected to mechanical, thermal, and chemical treatments. Each of these treatments can alter the adhesion of the coating. Various experimental techniques aimed at characterizing the adhesion properties of polymer coatings have been developed. Among those the blister test has become a well-established and widely used technique. [1] [2] [3] [4] [5] In the conventional blister test, injection of gas or liquid into the space between the film and the substrate results into the formation of a blister. The drawback of this method is that the substrate has to be prepared prior to the lamination process, e.g., a hole has to be drilled in the substrate to allow the gas flow. Thus already coated samples, As received cannot be examined.
In the proposed laser-induced delamination technique, the blisters are formed with the help of an infrared ͑IR͒ pulsed laser and no special preparation of the samples is required. By increasing stepwise the power of the laser pulse, high pressure of gas inside the blister can be achieved, sufficient to result in further delamination of the coating. The technique was proposed by Meth et al., 6 where the adhesion properties of sandwichlike films, consisting of a top IR transparent and a bottom opaque layer, were studied. In these experiments the bottom opaque layer evaporated creating a blister. Later similar experiments were performed on purely IR transparent polyethylene terephthalate ͑PET͒ coatings. 7 The energy absorbed by the steel substrate was enough to form the blisters. The experimental technique presented in this work has substantial advantages. First, the shape of the blisters has a cylindrical symmetry. That facilitates the measuring procedure of the blister profile and enables the use of a simple two-dimensional ͑2D͒ elastic model to analyze the results. Second, by using a mask an unirradiated strip in the middle part of the blister is formed. The strip is not exposed to the laser irradiation and is delaminated purely under the stresses created in the caps of the adjacent blisters.
In the presented work the blister profile and the blister pressure were independently measured. The typical height of a blister, which is about 20-30 m, was measured with high accuracy, i.e., less than 0.1 m, with a standard stylus profiler. The measurements of the pressure inside the blister are less straightforward and also less accurate. The blister pressure has also been obtained from the blister profile measurements by applying a model based on linear elasticity.
Usually the work applied to produce delamination is split in two contributions,
The first term at the right-hand side is associated with the minimum work required to separate the coating from the substrate. The second term comprises all extra work produced during the delamination. There is less agreement about the terminology of G. Different wording can be found in the literature, e.g., total work of fracture, 8 practical work of adhesion or fracture energy, 9 macroscopic work of fracture, delamination experiments, however, the detachment of the coating is accomplished via the process of crack propagation along the interface and this process can be considered being neither equilibrium nor reversible. Therefore, the first term on the right-hand side of Eq. ͑1͒ is also called the true adhesive fracture energy, 11 emphasizing that delamination is essentially a fracture process. This definition allows some dissipation of energy due to plastic deformation around the crack tip, crazing or other processes, localized at the interface and accompanying the propagation of the crack. This value also depends on the mode mixity of the crack opening. 12 Other possibilities of energy dissipation, not localized at the interface and not related to the propagation of the crack, are accounted for in . A typical example of such energy dissipation is the plastic deformation of a film during a peel test, as extensively discussed elsewhere. 10, 11 In the proposed method the contribution of the plastic deformations denoted by is expected to be rather limited for the following reasons. First, the stress components in the bulk of the polymer are below the yield stress of the polymer under study. Second, the formation of the blisters and subsequent delamination take place on a time scale of microseconds, which is much shorter than the typical relaxation times of polymers at room temperature. As a consequence the viscous properties of the polymer do not have enough time to manifest. Plastic deformation of the blister cap has been observed but this process takes place over a time scale of days. Provided the profilometry measurements are performed within a couple of hours after the blisters are created, the effect of shrinkage of the blister cap can be ignored.
II. THIN PLATE MODEL
A cylindrical blister aligned with the x axis can be described as a thin plate clamped along the boundaries parallel to the x axis ͑see Fig. 1͒ . Within the Kirchhoff assumptions 14 the governing equation for deflection w of a thin plate under normal uniform pressure pЈ in 2D is written as
where D = Et 3 /12͑1− 2 ͒ is the flexural rigidity, E is the modulus of elasticity, is Poisson's ratio, and t is the film thickness. Naturally the blisters are overpressurized and the pressure excess over the atmospheric pressure is denoted by pЈ. Then the absolute pressure inside the blister is p = pЈ + p atm .
The corresponding boundary conditions are as follows:
where b is the dimension of the blister along the y axis. The solution for this boundary problem is
͑4͒
The maximum height of the blister is
This expression will be used to evaluate the blister pressure from the measurements of the blister profile,
.
͑6͒
The blister shape can also be expressed in terms of the height,
͑7͒
The stresses x and xy are equal to zero because of the symmetry. The only nonzero stress obtained from Hooke's law is y ,
ͬ .
͑8͒
The stresses z , xz , and yz are considered to be negligibly small and are not related to the corresponding strains by Hooke's law ͑since the latter are zero in the Kirchhoff approach͒. However, these stresses can still be found by integrating the equations of equilibrium,
It is easy to check that at the internal surface of the blister z =−p. The component y provides the biggest contribution to the strain energy of the film. At the bottom surface of the film ͑z =−t /2͒, the stress is compressive at the center of the blister, and tensile at the clamped boundaries. The stress on the top surface of the film ͑z = t /2͒ has the same absolute value but the opposite sign. In the middle plane, as it is assumed in the stiff plate theory, the stresses are zero. The maximum stress in the film is achieved for the y component at the clamped boundaries ͑y =−b / 2 and y = b /2͒, at the interface with the substrate ͑z =−t /2͒; FIG. 1. Cylindrical geometry of a blister. The advantage of the cylindrical geometry is that the results of the profile measurements ͑taken parallel to the y axis͒ are not sensitive to the x location of the point, from where the profile is taken.
More detailed analysis of the stresses at the blister boundaries can be performed with a finite element model. This work is in progress and will be published elsewhere. Because in practice the blisters have a finite length, it is convenient to introduce the blister length a, measured in the x direction. The elastic strain energy in this case is
The volume of the blister has the following expression:
Note that in reality the blister is also clamped at the boundaries x = 0 and x = a. However, if a ӷ b the introduced error is limited.
Upon increasing the blister pressure, the blister can grow through further delamination of the film. The work produced by the gas at constant temperature is given by the change in the Helmholtz free energy dF =−pdV. Delamination also causes relaxation of the strain energy of the blister cap U. Thus the condition for delamination is as follows:
where G is the practical work of adhesion or the fracture energy. The elementary change of the blister area is dS = a · db. The other differentials involved are derived below. Assume that during delamination the blister width changes from b 0 to b. From the condition pV = const the behavior of the overpressure pЈ inside the blister as a function of the blister width is obtained,
where p 0 Ј is the initial overpressure in the blister. The elementary change in the strain energy dU according to Eq. ͑12͒ has two contributions,
ͪdb.
͑16͒
The first term is positive while the second term is negative because of ͑‫ץ‬pЈ / ‫ץ‬b͒ Ͻ 0. The second term dominates and ensures that the ͑dU / db͒ Ͻ 0; the blister cap relaxes during the delamination. By taking all required derivatives at b = b 0 , the expression for dU normalized by dS can be obtained,
͑17͒
Here the following transformation is used to simplify the result:
By using the expression for the blister volume, Eq. ͑13͒, in the similar way the expression for the elementary work produced by the gas inside the blister is calculated,
Consequently, the practical work of adhesion is the sum of those two contributions,
The practical work of adhesion is plotted in Fig. 2 as a function of the blister pressure. The initial blister width is taken as b 0 = 1 mm, a typical value used in the experiments. Both contributions, coming from the changes in the Helmholtz free energy of the gas and the strain energy of the blister cap, are also shown separately.
As it was already mentioned, delamination, which takes place in the laser-induced blister tests, is essentially a crack propagation process, which is not reversible and is unlikely to go through equilibrium states. Therefore, the thermodynamic description presented above has to be taken with caution. The aim of this section is to relate the maximum stresses at the blister boundary required for delamination, which can be derived from the test, to the practical work of adhesion, usually cited in the literature. In Fig. 3 both values are plotted against each other.
III. EXPERIMENTAL PROCEDURE
The method of the laser-induced delamination is schematically illustrated in Fig. 4 . A sample with an IR transparent polymer film on a steel substrate is subjected to a series of IR laser pulses. Every shot is performed on a newly unirradiated area. The shots are performed through the mask. The essential feature of the mask is to create a shadowed region in the middle of the irradiated area. The intensity of the first laser pulse in the series is chosen in a way that only at the areas exposed to the laser radiation the blisters are formed. The shadowed region remains attached to the substrate ͑shot 1͒. With every next shot in the series the intensity of the laser pulse increases, until the delamination of the shadowed region takes place ͑shot 3͒. The corresponding blister pressure p and the blister height H are used to calculate the work of adhesion.
A Surelite neodymium: yttrium aluminum garnet ͑Nd: YAG͒ IR laser from Continuum was used to produce the IR pulses. The maximum energy of the pulse is 0.5 J, the pulse duration is 5 ns, and the wavelength is 1.064 m. The original beam of 6 mm in diameter was expanded three times. After the expander the high-power attenuator from Del Mar Ventures was used to vary the intensity of the beam. The attenuator comprised the UV grade fused silica wheel with the diffraction gratings. Further the lens was used to focus the beam on the sample. Usually the sample was placed in out-of-focus position, thus the intensity of the beam at the sample could be varied both by the attenuator and the position of the sample with respect to the focus point. From the side of the laser the sample was covered with a glass plate. That prevented the blister cap from being blown away because of the shock wave.
To investigate the effect of the pulse duration a series of experiments were executed with another IR YAG laser with a pulse duration of 0.5 ms. Most of the measurements of the blister profile were performed with the stylus profiler DEKTAK 8 from Veeco. Additionally the blister shape was characterized with the help of a confocal microscope and a field-emission gun ͑FEG͒ scanning electron microscopy ͑SEM͒ Philips XL-30. The measurements performed with the stylus profiler proved to be the most practical.
In order to measure the amount of gas inside the blisters the setup schematically shown in Fig. 5 was designed. The setup consists of a sample holder, fixed on a linear motion, and a sharp blade fixed on a combination of a rotary and a linear motion. The latter enables to cut a blister located at any point on the sample without exposing the sample to air. Usually each sample contained 20 to 30 blisters. The sample chamber is connected to an absolute pressure meter. The gas from the blister is exposed to the measuring volume ͑in Fig.  5 valves V1 and V4 are closed, and V2 and V3 are opened͒. It results into a change of the absolute pressure. The volume of a typical blister with the height H =30 m is about 4.5 ϫ 10 −6 cc. The volume of the sample chamber together with the pressure meter and the connecting tubes is of an order of 10 3 cc, measured by exposing 1 cc of helium at known pressure into the same volume and monitoring the change of the pressure. Thus, assuming that the original pressure inside the blister is 10 3 torr, after exposing this amount of gas into the sample chamber the expected change in pressure is ⌬p = 4.5ϫ 10 −6 torr. Such changes are very close to the sensitivity limit of the pressure meter and also require that the pressure inside the sample volume is at least ten times lower.
The calibration of the pressure meter was carried out as follows: 1 cc of helium at the pressure of 3 ϫ 10 −2 torr was sampled from the calibration vessel. The volume of the calibration vessel is 1000 cc and every sampling does not affect the pressure of gas inside the vessel. Then the gas was released into the measuring volume and the changes in the absolute pressure were recorded.
IV. EXPERIMENTAL RESULTS
A number of blister profiles measured with the stylus profiler Dektak 8 are shown in Fig. 6 . The fit of the profiles 
FIG. 4. Schematic presentation of the laser induced ͑assisted͒ delamination technique.
A series of subsequent laser shots are performed through the mask shown at the left top. The laser-pulse intensity gradually increases with each shot. Shots 1 and 2 correspond to the laser-pulse intensity before the shadowed region is delaminated from the substrate. Shot 3 corresponds to the intensity when the area not exposed to the laser irradiation is delaminated and both blisters merge in one. is performed by using Eq. ͑7͒ and is shown with the dashed line. It is not surprising that for larger blisters the fit is not perfect. The model used is valid only for stiff plates, i.e., no stretching of the plate is allowed and all the deformation energy is stored as pure bending of the plate. The condition for dropping the stiff plate model is H ജ 0.3t, 14 and the membrane model should be applied. H is the blister height and t is the thickness of the plate. The polymer film thickness used in the experiments is 30 m, suggesting that the stiff plate model is valid for the blisters not higher than 9 m. Another reason for the observed discrepancy in the fit is a possible plastic deformation of the film, which is likely to take place at higher strains.
From the fit of the blister profile the following two parameters are obtained: the blister height H and the blister width b and these values are used to calculate the pressure inside the blister and the work of adhesion. As aforementioned the gas pressure inside the blister can be estimated from the blister profile measurements using Eq. ͑6͒. On the other hand, the blister pressure can be measured also independently providing a good possibility of validating the model.
A typical series of measurements of gas released from the blisters are presented in Fig. 7 . Every step in the output signal of the pressure meter corresponds to the opening of a blister. In order to calibrate the pressure meter, a known amount of gas ͑helium͒ is allowed inside the system, and the corresponding step in the pressure meter signal is recorded. Note that in these experiments, not the pressure but the amount of gas enclosed inside the blisters is measured. The profiles of the blisters were measured with the stylus profiler before putting the sample into vacuum. The amount of gas ͑in mole͒ is estimated from the shape of the blister ͓Eqs. ͑6͒ and ͑13͒, for the blister pressure and volume, respectively͔ with
where R is the universal gas constant. The amount of gas, both measured and calculated, is shown in Fig. 8 and a fair agreement is obtained. In a number of experiments the gas released from the blister was analyzed with the help of the quadrupole mass spectrometer. The mass spectrum obtained, together with the mass spectra of the rest gas ͑background measurement͒, is presented in Fig. 9 . A helium peak is present in the spectrum, because the calibration of the pressure meter was performed with helium gas. Other obvious
The results of the measurements of gas contents in the blisters. Every opening of a blister results in a step in the output signal recorded by the pressure meter. In order to calibrate the pressure meter, a known amount of gas is allowed inside the system, and the corresponding step in the pressure signal is used for calibration. contributions in the spectrum are observed at masses 1, 14, 15, and 16. Usually these contributions are ascribed to CH 4 . The fact, that hydrogen contributes only to mass 1 and not to mass 2, suggests that it is formed directly in the massspectrometer source from the decomposition of CH 4 . If hydrogen did permeate through the blister wall, it still had to recombine at the polymer surface to form H 2 , and only after that could reach the quadrupole, contributing to both H 2 and H. This was not observed. After the evaporations of a PET molecule ͑-O-C 2 H 4 -O-CO-C 6 H 4 -CO-͒ n , one obtains four oxygen atoms, ten carbon atoms, and eight hydrogen atoms. Thus, after forming CH 4 there are oxygen and carbon atoms left. The latter can form CO ͑mass 28͒ which is also present in the spectrum. Larger molecules, such as CH 4 and CO, are very unlikely to permeate through the blister wall. That is in line with the experiments showing a very moderate decrease in the gas content after the blisters were kept in vacuum for considerable time.
V. DISCUSSION
The objective of this experimental study is to characterize the adhesion properties of the interface. As aforementioned each laser shot produces two blisters with an unirradiated strip of a polymer between, still attached to the substrate, as shown in Fig. 4 . After matching the profiles of the blisters to Eq. ͑7͒ and defining the blister pressure, the maximum tensile stress at the blister boundary has been calculated ͓Eq. ͑11͔͒. Every test consists of a series of shots with a stepwise increase of the pulse energy, resulting in a higher blister pressure, and thus higher stresses are exerted on the strip. Consequently, the last shot that does not result in delamination of the strip provides a lower bound estimate of the stresses necessary for delamination of the film. The experimental procedure is illustrated in Fig. 10 . Figure 10͑a͒ shows the blister profiles measured in the series. At the bottom curve the stresses applied to the bottom part of the strip are plotted as a function of the laser-pulse intensity. Before the delamination takes place two curves are present, one for each blister. After the delamination the blisters merge in one and one curve is left. The kink in the curve corresponds to the moment of delamination, providing the low bound estimate of the stresses necessary to delaminate the film: y max = 17.0± 1.0 MPa. By using Eqs. ͑17͒ and ͑18͒, the stresses required for delamination can be converted to the practical work of adhesion or the work of fracture, G = 2.3± 0.2 J / m 2 . To discuss the possible plastic deformations of the film during delamination, first consider temperature distribution in the substrate after the laser pulse, 15 T͑z,t͒ = ͩ
where k = K / C p is the thermometric conductivity, K is the thermal conductivity, C p is the specific heat at constant pressure, t p is the pulse duration, and I is the unreflected part of incident irradiation.
Using Eq. ͑22͒ the temperature in the substrate ͑1 m deep from the interface͒ was calculated for various pulse durations. The results are presented in Fig. 11 .
It is quite clear that in order to create the ideal conditions for the blister formation, the time the substrate is kept above the polymer melting temperature should be as short as possible. From Fig. 11 it is seen that the removal of heat from the interface region due to thermal conduction is a very fast process and has a characteristic time less than 1 s. That means that the laser pulses with longer duration would keep the substrate at high temperatures for an unnecessarily long time. That explains why the experiments carried out with the laser with pulse duration of 0.5 ms were not successful. The blisters were well created but a considerable plastic deformation was observed. There are two other characteristic time scales that should be taken into consideration. First, the characteristic time of the blister formation can be estimated as the time necessary for a sound wave to travel a distance comparable to the typical blister height, s = H / v s =50ϫ 10 −6 m/340 m/sϷ 1.5 ϫ 10 −7 s. Second, polymers are known to exhibit viscoelastic behavior as a response to a perturbation, which varies with time. It means that for relatively short perturbations elastic behavior is observed, while if the perturbation slowly changes with time, a viscous flow of the polymer is observed. The switch between the elastic and viscous responses is defined by the relaxation time r . In practice viscous behavior involves different physical processes, each of which is characterized by a specific relaxation time. Regarding the time scales the processes are grouped in three major categories: ␣, ␤, and ␥. 16 The fastest ␥-relaxations are related to fast relaxations through flipping of the sidegroups or change of conformations. Those are defined by the local stress fields on the scale of a monomer and do not depend on the size of the polymer chain. Thus, these processes cannot provide any mass transfer ͑mass flow͒, capable to change the shape of the blister. They can, however, account for a relaxation of a certain part of the elastic energy of the deformed polymer, which in turn can result in the change of the blister shape. The typical value for relaxation time of the ␥ processes r at the room temperature is r ജ 3 ϫ 10 −6 s. 16 The fact that the characteristic time of blister formation is less than the relaxation time s Ӷ r provides the possibility to treat the polymer as an elastic media.
Although even ␥ relaxation is very unlikely to take place during the blister formation and subsequent delamination, a certain amount of relaxation can occur between the moment the blister is formed and the moment the blister profile is measured ͑typically about 1 or 2 hs͒. ␣ and ␤ relaxations do involve macroscopic displacements of the polymer chains but they take place on a far longer time scale. The ␣ relaxations, which are related to glass-rubber transition, have the typical relaxation time of about 100 s at the glass transition temperature T g . 16 At the room temperature in the time window used in the presented experiments, however, ␣ processes can be neglected. Many profile measurements repeated after 1-2 months did not show any noticeable change in the blister shape. However, a certain amount of plastic deformation of the blister wall does take place. In several experiments we broke the blisters by making a small pinhole in the blister wall releasing the gas. The blisters did decrease in size but did not disappear completely. Another source of plastic deformations not considered so far is the process of delamination described as crack propagation along the interface of two media. 10, 11 The effect of the plastic deformation at the crack tip will be included in a future model description.
VI. CONCLUSIONS
The laser-induced delamination was used to study the adhesion of PET coatings on steel substrate The main advantage of the method, as compared to the conventional blister test, is that already existing coatings can be measured, because no preparation of the substrate is necessary. Second, the formation of the blisters takes place in microseconds. On this time scale the polymer manifests pure elastic behavior. Thus the contribution of the plastic deformation to the measured practical work of adhesion is limited.
The experimentally obtained blister profiles and the blister pressures were compared to those predicted by the proposed elastic model. The predicted results are in good agreement with the experiments.
The adhesion of the PET film is characterized in terms of the stress required to delaminate the film and the practical work of adhesion or fracture energy. The tensile stress obtained from the measurements of y max = 17.0± 1.0 MPa corresponds to the practical work of adhesion of G = 2.3± 0.2 J / m 2 .
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